Introduction
Low-frequency sound absorption has been a challenging topic for researchers due to the weak energy dissipation in traditional materials. Recent years have witnessed a very rapid development of the acoustic metamaterials with excellent lowfrequency performances which are not observed before. A series of metamaterials of subwavelength thickness has been designed to achieve 100% absorption for the low-frequency sound. For example, the membrane-type metamaterials [1] [2] [3] [4] [5] [6] [7] [8] , due to the resonant nature, which has limited the practical applications.
To this date, the most effective way to broaden the bandwidth is to introduce multiple detuned units with different absorption peaks . A low-frequency wide absorption band was achieved by Mei et al with a membrane decorated by multiple masses and an air cavity [4] . Based on this, Ma et al proposed a general design concept of synergetic coupling which can be employed for the broadband absorption, and developed two plate-type structures with multiple units [19, 20] . Hu et al reported a six-unit coiled-up structure with a thickness of 18 cm that achieved perfect absorption performance within 100 Hz-200 Hz [21] . Similarly, in Yang et al's work [22] , a sound-absorbing structure with a thickness of 10.36 cm, composed of 16 coiled-up channels, was obtained with a near-perfect flat absorption spectrum in the range of 400 Hz-3000 Hz, and the coupling effect between units resulting from the evanescent waves was discussed thoroughly. Wu et al also presented a multi-unit absorber with improved low-frequency absorption performance which was achieved by inserting a perforated plate into the cavity of a diffuser, and calculated the absorption coefficients based on the wave expansion method [23] . Compared with the average impedance method, this method is more rigorous and can give a more accurate prediction because of more information of evanescent waves included [24] [25] [26] . In most of current research, only the first-order peak of single unit is utilized for the broadband sound absorption. Actually, the bandwidth can be further broadened sufficiently by introducing high-order peaks, which is of great significance.
To obtain extraordinary broadband absorption, we propose a multi-order sound absorption mechanism that can introduce the two-order or higher-order absorption peaks in a perforated composite Helmholtz-resonator (PCHR) unit. The multi-order absorption mechanism is achieved by inserting one or more separating plates with a small hole into the interior of a HR without increasing the structural dimension. Particularly, the first peak of the PCHR unit can nearly stay the same position as the original peak of the HR unit rather than move to higher frequency, retaining the original low-frequency absorption performance. By precisely designing the parameters of each unit, a metasurface composed of eight detuned units is finally obtained with a superior broadband absorption spectrum. Moreover, the concept of coil-up space is adopted simultaneously to decrease the structural thickness.
The paper is organized as follows: in section 2, the multiorder absorption mechanism in the PCHR unit is introduced. The sound absorption coefficient is obtained by the approach similar to the plane wave expansion method, which is verified by the finite element (FE) simulation. Moreover, the physical mechanism is explained with the equivalent acoustic circuit; in section 3, the specific absorption performances and the acoustic impedance characteristics of the PCHR unit are investigated in detail, and on this basis, the absorption spectrums of the peaks are further demonstrated; in section 4, a metasurface with excellent broadband absorption is achieved, of which the theoretical and simulation results are verified by the corresponding experiment. Finally, several conclusions are drawn in section 5.
Multi-order absorption mechanism in a PCHR unit

Structure of the PCHR unit
We start by presenting the two-order absorption mechanism by which a PCHR unit (i.e. a HR unit with a separating plate) can exhibit two near-perfect absorption peaks. The PCHR unit with width W = 23 mm, length L = 52 mm and height H = 17 mm is comprised of three parts: a front panel, a rigid frame and a separating plate with a circular hole (red area), as shown in figures 1(a) and (b). The separating plate is placed in the middle of the wave channel. The diameters of the small holes in front panel and separating plate are d 1 = 2.8 mm and d 2 = 1.4 mm, respectively. The wall thickness of the PCHR is t = 1 mm. The frame is divided into two equal parts, each of which has a width a = 10 mm, length b = 50 mm and height h = 15 mm, respectively. The position of the hole in the panel along the x axis is marked by c. The sound wave is incident to the surface along the negative direction of the z axis. In particular, for excellent low-frequency absorption performance with a subwavelength thickness, the original HR actually has a coiled-up wave channel. Figure 1(c) shows the sound absorption coefficients of the PCHR unit and original HR unit, and the comparison between the theoretical calcul ation and the numerical simulation shows a good agreement. It can be observed that the original HR just has one absorption peak, while the PCHR unit gains two near-perfect absorption peaks at f = 380 Hz and f = 970 Hz resulting from the two-order absorption mechanism. The total thickness of the structure is 17 mm which is only 1/60 of the wavelength at f = 380 Hz, revealing the excellent absorption capability in deep subwavelength scale. Furthermore, the first peak of the PCHR unit is almost kept in the same frequency as the original peak, retaining the low-frequency advantages of the coiled-up space method. Figure 1 (d) illustrates that the air particle velocities in the two holes are far greater than that in air cavities due to the resonance, which means nearly the whole incident sound energy is dissipated in the small holes. Moreover, two peaks share different but interesting air flow states in opposite directions and similar amplitudes in hole 2, which is important for understanding the absorption mechanism and worthy of further investigation.
Theoretical calculation.
The unit specific impedance is firstly derived with the transfer matrix method to characterize the inherent losses caused by the viscous and thermal conduction. The PCHR unit is simplified as a double-layer structure illustrated in figure 2(a), in which each layer consists of a circular hole with diameter d i , an air cavity with depth l i and cross-sectional area S i = a × h. The impedance transfer matrices of the hole and the air cavity are expressed as T Hi , and T Ai , respectively. The sound pressure p i and the mass velocity v i on the surface of the ith layer are given by
with
where k e i is the effective propagation constant of cavity i and Z e i is its characteristic impedance. The sound pressure and the mass velocity on the double-layer PCHR unit surface are then
where p e is the sound pressure of the bottom of the 2nd layer and the corresponding mass velocity is assumed as zero. As a result, the relative inward specific surface impedance of hole 1 is obtained as
where ρ 0 and c 0 are the density and sound speed of the air medium.
The specific impedance of the circular hole Z Hi can be obtained as [40] are the effective density and the compressibility of the air in the cavity derived from the visco-thermal acoustic theory [41] , which take the following forms:
where α m = (m + 1/2)π/a and β n = (n + 1/2)π/h are constants, ν = µ/ρ 0 and v = κ/(ρ 0 C v ) with κ and C v representing the thermal conductivity and specific heat at constant volume, respectively. P 0 and γ are the air pressure and the ratio of specific heat.
Then the absorption coefficient is calculated by an approach based on the surface impedance which is similar to the plane wave expansion method [23] [24] [25] [26] . Assuming that an arbitrary plane wave is incident to the structure surface, the sound field in front of the surface can be decomposed into the incident plane wave p i (x, y, z) and the scattered filed p s (x, y, z) that is made up of plane waves and surface evanescent waves: 
Here, p i is the incident pressure,
Since the scattered filed is periodic both in the x and y axis with the periods w 1 and w 2 , respectively, the corresponding wave numbers are k
A mn is the reflection coefficient of the (m, n)-diffraction order, in which (0, 0) represents the specular reflection. Considering the particle velocity along the z axis direction must be continuous at the surface, we have
where the impedance admittance is 
(10) Based on the orthogonality of the exponential function, equation (10) can be derived as
(11) where S 0 = w 1 w 2 is the unit area, δ (st,00) is the Kronecker delta function defined as δ (st,00) = 1 for (s, t) = (0, 0), otherwise δ (st,00) = 0. Since the surface impedance within hole 1 is constant, the impedance admittance G(x, y) is simplified to
w 2 dxdy is the integration over the surface area of hole 1. The index limits m, n, s, t should not be smaller than 2N, where N is the number of detuned holes in one period. By solving the above equations, the coefficients A mn can be obtained.
The absorption coefficient of the unit is then
where the second term is the specular reflection coefficient and the third term is the coefficient of the scattering that can propagate to the far filed. Evidently, the normal incidence absorption coefficient can be obtained with θ = 0
FE simulation.
To validate this theoretical model, a numerical simulation model is developed by using the commercial software COMSOL Multiphysics ™ 5.2. The viscous friction and thermal conduction have great influences on sound energy dissipation and are both included in the acoustic-thermoacoustic interaction module. A normally incident plane wave with unit amplitude is applied perpendicularly on the unit surface along the negative direction of the z axis. Due to the huge impedance mismatch, the sound hard boundary is imposed on the interfaces between air and structure. The , respectively. The absorption coefficient is obtained as α = 1 − |r| 2 , where r is the complex reflection coefficient of the average sound pressure over the incident surface.
Physical mechanism of multi-order sound absorption
The underlying physics of multi-order sound absorption is studied with the equivalent acoustic circuit, as presented in figure 3(a) . The acoustic impedance can be written as
As a result, the resonant frequencies of the circuit f 1 , f 2 can be obtained with Im (Z a ) = 0, and the corresponding ratio of two volume velocities is λ i = (u 2 /u 1 ) | fi that can characterize the relative flow states of the two holes at the absorption peaks,
where u 1 = P 0 /Z a and u 2 =
P0−u1(Ra1+jωMa1)
Ra2+jωMa1−j/ωMa1 . Substituting the unit parameters into above equations, we get f 1 = 390 Hz, λ 1 = 0.7, f 2 = 965 Hz and λ 2 = −0.6. It can be found that the resonant frequencies here are basically consistent with the two absorption peaks frequencies, and the two opposite air flow states of hole 2 can be also observed from the result as
Figure 3(b) shows the volume velocity ratios with varied acoustic masses. The first ratio λ 1 increases from 0.6 to 0.8 as the mass ratio γ is decreased from 1 to 1/4, meaning that the flow difference between two holes gradually becomes smaller and the effect of acoustic compliance C a1 can be nearly neglected. Accordingly, the circuit can be equivalent to a system with acoustic mass M a1 + M a2 , acoustic resistance R a1 + R a2 and acoustic compliance C a2 , thus the first absorption peak frequency can be predicted by the resonant fre-
R a2 , nearly the whole incident energy is absorbed by R a2 (i.e. hole 2). Meanwhile, the second ratio λ 2 decreases from 1.6 to 0.2, which illustrates that u 2 decays to be nearly zero by degrees and the corresponding acoustic components can be ignored. Therefore the second absorption peak frequency is approximately obtained as
It is worth noting that though u 2 is very small, the dissipated energy by R a2 should be still taken into consideration because of its relative large resistance value. In fact, the energy absorbed by the two resistances has a small difference over a wide range of the mass ratio.
Investigation of absorption properties of the PCHR unit
Absorption performances of the PCHR unit with different hole diameters
The effects of the diameters d i of the holes, as the most typical geometric parameters, on the sound absorption performance 2 mm, the two absorption peaks are both shifted to higher frequencies due to the reduced acoustic mass M a1 . The first peak can reach and stay at nearly 100%, and meanwhile the second peak first increases to 100% and then falls to 80%, which results from the variation of the relative specific impedance z s = x s + jy s .
As we know, the unit is in the resonance state and have an absorption peak with the first condition y s = 0, and on this basis, the peak can reach 100% with the second condition x s = 1 simultaneously. Figure 4(b) shows the relative specific reactance y s and resistance x s with different diameters d 1 . The reactance y s crosses zero at each peak for each case, meeting the first impedance matching condition. The resistances x s of the first peak are 1.97, 1.29, 1.19, 1.12 and 1.07 for d 1 = 1.4 mm, 2.1 mm, 2.8 mm, 3.5 mm and 4.2 mm, respectively, which gradually approaches the second matching condition. Thus, the absorption coefficients can reach almost 100%. As for the second peak, the corresponding x s are 3.92, 1.69, 1.2, 0.63 and 0.5, respectively, thus the absorption coefficients are presented a trend that first increased and then decreased.
Relationship between the air flow states and acoustic impedance characteristics
To gain further insight into the sound absorption performances, the acoustic impedance characteristics of the PCHR unit are investigated. In fact, the acoustic impedance of the PCHR unit is closely related to the air flow states, because different flow states can bring about various energy dissipations in the two small holes and change the sound absorption performance. Thus, it is easier to understand the variations of acoustic impedance characteristics from the perspective of the air flow states. The unit relative specific impedance can be obtained from the equation (13) as z s = Z a S 0 /ρ 0 c 0 , and x s is therefore given by x s = r 1 + r 2 , r 2 = β 2 r 2 , where
and the proportion of r 1 in x s is set as β 1 , i.e. β 1 = r 1 / x s . Here, r 2 is the effective resistance of hole 2 and β 2 is the compensation factor of r 2 related to the air flow intensity in hole 2. Figure 5 shows the relative specific resistance x s of the PCHR unit, the specific resistances r 1 and r 2 , and the factor β 1 , β 2 at the two absorption peaks, respectively. As shown in figure 5(a) , with the diameter d 1 increasing, the resistance x s of the first peak is reduced from about 1.9 to 1.1 and then nearly remains constant, while the resistance r 1 is decreased gradually from 1.7 to 0.1 and r 2 is almost kept unchanged. Besides, the compensation factor β 2 is enhanced from 0.39 to 0.63 and the proportion factor β 1 decreases from 0.71 to 0.05. It can be concluded that the effective resistance r 2 of hole 2 is increased gradually in this process with the real resistance r 2 almost kept constant. This is mainly because that the air flow state inside the unit is changed by the mass ratio γ, and the flow intensity u 2 and the dissipated energy in hole 2 are actually enhanced. Thus, the effective resistance r 2 of hole 2 (concretely, the compensation factor β 2 ) is increased for the stronger dissipation accordingly. Meanwhile, the proportion coefficient β 1 is decreased from 0.71 to 0.05, implying the continuous decline of the relative dissipated energy in hole 1. Similarly, it can be observed from figure 5(b) , the resistance x s of the second peak is reduced from about 3.9 to 0.5, by which the absorption coefficient is enhanced to 100% and then decreased to 80%. The compensation factor β 2 is reduced from 0.96 to 0.12 due to the rapid attenuation of the flow in hole 2. As a result, the resistance r 1 gradually plays a more important role in the resistance x s . Figure 6 shows the absorption spectrums of the two peaks as a function of the diameters d 1 and d 2 . It can be seen from figure 6(a) that the distribution of the optimal diameters for the first peak has an L-type shape, in which the peak coefficient is not changed by d 1 when 1 mm < d 2 < 2 mm and by d 2 when 1 mm < d 1 < 5 mm. This is very helpful for the broadband absorption with multiple peaks because the peak frequency can be easily tuned by the diameters without considering the variations of the coefficient. The absorption coefficient is very low with d 1 < 1 mm or d 2 < 1 mm due to the large impedance. By contrast, when d 1 and d 2 are located in the top right corner of the L-type scope, the impedance is much less than that of air medium, which also leads to a small coefficient. As for figure 6(b) , the coefficient of the second peak nearly has nothing to do with d 2 which contributes to the adjustment of peak position, and is very small with d 1 < 1.5 mm. Particularly, it is found that with d 2 = 0.5 mm, the first peak disappears and the second peak reach 100%, which means the unit is degenerated into a HR and the second layer can be considered as a rigid wall.
Absorption peak spectrums
The optimal scope of the diameters for both peaks has been encircled by the white solid line in figure 6(a) . It is easy to confirm the specific values of the two diameters d 1 and d 2 for the near-perfect absorption at the two peaks from the spectrums, which can sufficiently improve the design efficiency of this kind of absorption structure.
The metasurface with broadband absorption
For continuous broadband absorption, we further conduct the design, fabrication and the experimental characterization of a subwavelength metasurface by introducing multiple critically coupled units. As shown in figure 7(a) , the proposed metasurface is composed of eight detuned units, wherein unit 1-4 are of PCHR units with two-order absorption mechanism, while unit 5-8 are common HR units. The two peaks of each PCHR unit can be influenced simultaneously by the structure parameters, which increases the difficulty of the realization of the two near-perfect peaks with specified positions. Furthermore, the surface evanescent waves can lead to mutual couplings between all the units which have some effects on the absorption performances of each unit. Therefore, great effort is needed to balance the parameters of the units for better performance. After considerable careful adjustments, the optimized parameters are finally obtained as follows. The basic cell of the metasurface has a length of L 1 = 48 mm, a width of W 1 = 24 mm and a thickness of H 1 =60 mm. Each unit has a square cross section with a side length of 10 mm, while the wall thickness between the units is 2 mm, and the rest parameters of each unit can be found in table 1.
The absorption coefficients of the metasurface are firstly predicted by above theoretical approach and FE simulations. To verify the corresponding results, the sample comprised of eight identical basic cells, as illustrated in figure 7(b) , is then fabricated by the 3D printing technology. The sample exhibits excellent mechanical stiffness and has a length of L 0 = 98 mm, a width of W 0 = 98 mm and a thickness of H 0 = 62 mm. The experimental measurements are performed in a square acoustic impedance tube with a side length of 101 mm, in which only the plane wave can propagate below 1600 Hz. The sample is installed at the end of the tube and measured with the standard two-microphone transfer function method [42] . Two 1/4 in. condenser microphones are used to record the sound pressure, and a data acquisition system is employed to acquire the sound pressure for the processing.
The sound absorption coefficients from the theoretical calcul ation, numerical simulation, and experimental measurement are shown in figure 7(c), from which it can be observed that a superior continuous absorption spectrum is obtained in the low-frequency range of 450 Hz-1360 Hz with the mean absorption coefficient above 90% under a deep-subwavelength scale. The absorption band is comprised of twelve near-perfect absorption peaks, in which the first four peaks are composed of the first peaks of the four PCHR units, while the last four peaks correspond to the second peaks in the PCHR units, and other four peaks in the middle of the spectrum are generated by the four HR units. It can be found that without increasing the overall structural dimension, the bandwidth of the metasurface sample is dramatically broadened about 65% (from 550 Hz to 910 Hz) by the second peaks of the PCHR units, which is of great value for the achievement of the broadband absorption. Besides, there exists a reasonably good agreement between the theoretical and numerical results, but a slight discrepancy shifting to higher frequencies in experimental results owing to the manufacturing error.
Conclusions
In this paper, we present the multi-order sound absorption mechanism that can further broaden the absorption bandwidth effectively. On this basis, a thin metasurface composed of eight critically coupled units is designed theoretically and experimentally with an extraordinary broadband and near-perfect sound absorption spectrum in the range of 450 Hz-1360 Hz. The mechanism can be achieved by inserting one or more separating perforated plates into the interior of the HR unit, and multiple peaks can be therefore obtained in a single PCHR unit without increasing the whole structural dimension. In particular, the first peak of the PCHR unit can be nearly consistent with the peak of original HR unit in frequency, maintaining the original low-frequency absorption performance. With multiple coupled PCHR units and HR units, the bandwidth of the proposed metasurface is dramatically broadened about 65% in the low-frequency range by the multi-order absorption mechanism. These results would offer a new approach to extend the absorption bandwidth effectively in the low-frequency range and show great potential in controlling noise. The theoretical, simulated and measured absorption coefficients of the metasurface. The absorption band is comprised of twelve near-perfect absorption peaks, in which the first four peaks are composed of the first peaks of the four PCHR units, while the last four peaks correspond to the second peaks in the PCHR units, and other four peaks in the middle of the spectrum are generated by the four HR units. 
